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(57) Turbulence is coniiolleti in boundary layer or 
wall-bounded fluid flow fields having a turbulent wall re- 
gion characterized by a system o1 roll pairs extending in 
the direction of flow, and obliquely propagating struc- 
tures interacting with the sysiem ol roll pairs, by locally 
introducing into the lurbulent wall region two separate 
disturbances that aie etlective to produce, in a local re- 
gion, a composite disturbance field thai is strongly cou- 
pled lo and modifies the obliquely propagating struc- 
tures in a manner that incieases or decreases the inter- 



action of the propagating structures with the system of 
roll pairs thereby locally increasing or decreasing the 
turbulence in the flow field. One o1 the disturbances may 
lesult from the interaction o1 the fluid with a linear strip, 
or an array ol strips, of delta-shaped piouusions posi- 
tioned spanwise on the wall (i.e.. transverse to the flow 
dneclion); and the second disturbance may result from 
iniecling sonic energy into the local region. Furthermore, 
a linear strip or an array of airloil shaped profusions can 
be used lor producing a pair ol counier rotating rolls lor 
controlling turbulence in the boundary layer. 
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This inveniion relates to a method of and apparatus 
for controlling turbulence in boundary layer and other 
wall-bounded fluid flow fields. 

Relevant Publications. 

(1 ) "Plane Waves and Structures in Turbulent Chan- 
nel Flow" by L Sirovich, K. S. Ball, and L. Ft. Keefe. 
Phys. Fluids A2(12), December 1990, p22 17-2226. 

(2) "Propagating Structures in Wall-Bounded Tur- 
bulent Flow", L. Sirovich, K. S. Ball and R. A. Handle.. 
Theoret. Comput. Fluid Dynamics (1991), 2:307-317. 

Background Art 

From the viewpoint of classical fluid mechanics, tur- 
bulence is perceived as a chaotic condition with the ex- 
citation of all possible degrees of freedom. This percep- 
tion is supported from direct observation of large scale 
activities, such as weather patterns in the atmosphere 
and water flowing in a pipe, to mundane experiences 
like stirring cream into coffee, or mixing-paint. 

Turbulence can be harmful or helpful: it produces 
undesired drag on a car or an airplane; but it effects mix- 
ing fuel with air in an engine, or rapidly distributing heat 
in a room. Turbulence has had an enormous impact on 
human experience, but its perception as a chaotic con- 
dition has resisted scientific analysis until recent years. 
With the advent of super computers which permit the 
numerical investigation of wall-bounded turbulent flow, 
and the performance of modern experiments, there has 
been a dramatic shift in the perception of turbulence. 
Where it was once viewed as being a chaotic condition 
turbulence is now viewed as having coherent patterns 
of activity in the midst of apparent chaos. 

Careful scrutiny of a wall or boundary of stieaming 
turbulent flow, as for example, in the case of airflow over • 
an airplane wing, or liquid flow inside a pipeline, has 
shown the piesence of coherent structures in the form 
of pairs of counter-rotating streamwise rolls adjacent the 
walls, but located at the outer edge and beyond the sub- 
layer. These rolls, which are somelimes referred to as 
streaks, show considerable meander and varialion in 
their dynamic activity. Of great importance is their sud- 
den contortion or kinking, resulting in a sudden bursting 
forth of slow moving fluid from near the wall into the last 
moving main body of fluid motion. This bursting results 
in a net drag on the walls. It has been estimated that 
these bursts, which account for 80% of the drag on a 
wall, occur only roughly 20% of the time. Aga,n. a study 
of the patlerns of such flow shows that the contortion of 
the rolls undergoes a stereotypical coherence pattern 
through temporal change that is typical of all wall-bound- 
ed turbulence. 

To specify the width of the streaks, it is first neces- 
sary to recognize that the streaks are a manifestation of 



local conditions beyond the sublayer of the flow adjacent 
to a wall, and not the nature of the wall, nor the flow field 
significantly spaced from the wall. Local conditions are 
fully specified by the average Irictional stress at a wall 
5 s, the density of the fluid, r, and the viscosity of the fluid 
m. These quantities deline a local size dimension, or 
length scale 1 . which is usually referred to as a wall unit 
and is equal to m/(sr)*. The dominant roll diameter is 
nominally 50 to 100 wall units, or 100 1. to 200 1 per 
to pair. 

The term "dominant", in referring to the roll diame- 
ter, means that the greatest amount of turbulent energy 
(of the fluctuating velocity) resides in modes of activity 
of this size. There is, in addition, other modes of the 
same roll type, having a range of sizes and which also 
contain significant amounts of turbulent energy. In sum- 
mary, the major contribution to drag on a wall arises be- 
cause of the disruption of the orderliness of these roll 
type modes, to their contortion, and finally to the rela- 
te tively violent bursting events that mixes slow moving flu- 
id into more rapidly moving fluid. 

This picture of the events in wall-bounded turbu- 
lence was significantly enhanced with the discovery that 
propagating structures are also present in the turbulent 
25 wall region. In reference (1 ) cited above, it is shown that 
propagating structures are coherent patterns which 
propagate at a constant group speed. In reference (2) 
ciled above, the existence of propagating modes was 
further confirmed. As an aside, a literature search pro- 
se duced a paper written 20 years ago in which experi- 
ments on wall turbulence hinted at. but did not directly 
suggest, the presence and function served by such 
propagating modes in turbulent flow. 

As it is argued in the above cited publications, the 
3S propagating modes act as triggers for the bursting 
events that give rise to the drag producing events found 
in turbulent wall-bounded flows. Although the propagat- 
ing modes carry relatively little energy themselves 
bursting events do not occur unless the propagatino 
to modes are present. In addition, the experimentally and 
numerically measured lime courses of the burstino 
events corresponds to that of the propagating modes' 
The most energetic, and therefore the most important 
of the propagating modes, are those that propagate at 
« an angle of about 65° from the streamwise direction: and 
those in the range 50-50° have the dominant energy 
content of the propagating modes. 

The wavelengths of the triggering modes are also 
an important factor. Those waves with wavelengths 
50 comparable to the roll size play a significant role in the 
bursting events. 

The most significant triggering modes have a lateral 
extent which is comparable to the wavelength of the en- 
ergy bearing roll modes This strongly implies the exist- 
55 ence of a resonance mechanism which, through the trig- 
gering operation, facilitates ejection of the roll modes. 
For reference purposes, the main triggering modes are 
sometimes referred as the long wavelengths modes. 
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There ate no signilicani longer wavelength modes 
present, bui many shcner wavelength modes aie 
ptesent. 

It is therefore an object ol the ptesent invention to 
provide a method of and apparalus for modifying and 
managing turbulent flow t'htough a modification of the 
trigger modes 

BRIEF DESCRIPTION OF THE INVENTION 

According to the ptesent invention, a method of 
controlling turbulence in boundary layer or other wall- 
bounded fluid flow fields is provided, the flow field having 
a turbulent wall region characterized by a system of toll 
pairs, which exhibit steaks, whose diameter is function- 
ally related to the sti ength ol the flow, and which extend 
in the ditection of flow, and by propagating structures of 
coherent patterns that propagate obliquely to the ditec- 
tion of flow ai a substantially constant group speed. The 
method includes locally introducing into the turbulent 
wall region a disturbance field whose amplitude, wave- 
length anddiiection of propagation are such that the dis- 
turbance is sttongly coupled to and modifies the propa- 
gating structures in a manner that increases or deceas- 
es the interaction ol the ptopagaling structures with the 
system of roll pairs for locally increasing or decreasing 
the turbulence or turbulent drag in the flow field. 

When the lurbulent drag is to be decreased, the 
method comprises providing one or optionally two 
means which operate simultaneously producing a dis- 
turbance that results in generating a pair of oblique 
waves foi enhancing the roll pairs such that the roll pairs 
are organized. According to the present invention, one 
o1 the means may include a linear strip of "delta" shaped 
protrusions positioned spanwise on the wall (i.e.. trans- 
verse to the flow diiection) which produce a disturbance 
in the flow field thai interacts with another disturbance 
caused by a second means which may be in the ior;n of 
one or more sound generators that inject energy iniothe 
disturbance caused by the protrusions. Alternatively, an 
array of linear strips ol "delta" shaped protrusions posi- 
tioned spanwise on the wall may be used instead of a 
single linear strip. The disturbance produced by the pro- 
trusions and by the sound generators, interact with each 
other and produce obliquely propagating structures thai 
enhance the roll pairs and reduce turbulence. 

In a further alternative, the interacting disturbances 
may be caused by a st rip, or an array of strips, of "delta" 
shaped heating elements spanwise embedded in the 
wall, and the time-dependent operation of the heating 
elements produce a combined disturbance in the flow 
field in the form of obliquely directed waves of heated 
fluid that enhances the roll pairs and reduces turbu- 
lence. 

In addition, the present invention comprises means 
loi controlling turbulence in boundary layer oi other wall- 
bounded fluid flow fields described above, including 
means lot locally introducing in1o the turbulent wall re- 



gion a disturbance field whose amplitude, wavelength 
and direction of propagation ate such that the distur- 
bance is strongly coupled to and modifies the propagat- 
ing structures in a manner that inctea&es or decreases 

i the interaction of the propagating structures with the 
system of roll pairs thereby locally increasing or de- 
ceasing the turbulence or lurbulent drag in the flow 
field. The means for decreasing the turbulent drag can 
include those described above. 

70 A further embodiment of the invention involves 

mounting in or on the wall defining the boundary of the 
turbulent wall region, a linear or two-dimensional array 
of fine scale mechanical systems. Such systems, when 
activated, will introduce into the turbulent wall region, a 

'5 composite disturbance field that is strongly coupled to 
and modifies the oblique propagating structures asso- 
ciated with the turbulence. As a tesult, the interaction of 
the propagating and roll structures associated with the 
turbulence roll structures is incteased or decreased for 

20 locally decreasing or increasing lurbulent drag in the 
flow field in accordance with the nature of the distur- 
bance field, and as desired. 

Preferably, the fine scale mechanical systems are 
microelectomechanical systems (MEMS). Such sys- 

2S terns can be fabricated to provide movable activators, 
which are comparable in size to the size of roll pairs, 
and which modify the flow. By modulating the position 
of these activators, the lequired disturbance can be in- 
troduced into Ihe flow field. Alternatively, the MEMS may 

30 have diaphragms which can be vibrated to produce the 
tequired disturbance in the flow field. 

BRIEF DESCRIPTION OF DRAWINGS 

SB Embodiments ol the present invention are de- 

scribed by way of example with reference to the accom- 
panying drawings wherein: 

Fig. 1 is a cross-sedion showing wall-bounded fluid 
jo flow, where the cioss-section is taken perpendicular 
to the direction of flow; 

Fig. 2 is a schematic plan view of the fluid flow field 
shown in Fig. l showing streaks or rolls adjacent a 
wall boundary having herring-bone undulations; 
45 Fig 3 is a ctcss-section thiough the wall showing 

the undulations; 

Fig. 4 is a modilied version of the undulations; 
Fig. 5 is a cross-section of a wall-bounded fluid flow 
field taken in a ditection perpendicular to the direc- 

50 tion of fluid flow showing a plurality of transducer 

elements, such as heaters, ultrasound generators, 
etc embedded in the wall surface; 
Fig. 5A is a plan view of a wall surface defining the 
boundary of a flow field showing a two-dimensional 

5? array ol transducets ot line scale mechanical sys- 
tems, such as MEMS, or hydtodynamic chips; 
Fig. 5B is a view similar to Fig. 5, but showing a 
linear or two-dimensional array of fine scale me- 



3 




EP 0 726 



chanical sysiems mounted in or on a wall defining 
a boundary ol a turbulent wall region; 
Fig. 5C is a longitudinal section of a wall bounded 
flow field showing turbulence sensors, and fine 
scale mechanical systems actuatable by the sen- s 
sors for inhibiting or enhancing turbulence; 
Fig. 5D is a longitudinal section of a wall bounded 
flow field showing fine scale velocity measuring 
sensors capable of measuring mean and fluctuating 
velocities; to 
Fig. 5E is a schematic showing of the incorporation 
of fine scale actuators and sensors in the walls of a 
blade in a rotating machine such as a turbine or' 
compressor; 

Fig. 5F is a schematic showing of the incorporation '5 
of fine scale actuators and sensors in a stationary 
vane of a rotating machine such as a turbine or com- 
pressor: 

Fig. 6 is a nominal time diagram showing the man- 
ner in which the various transducers are timewise 20 
activated; 

Fig. 7 is a plan view of the fluid flow field shown in 
Fig. 5 showing a nominal distribution of disturbanc- 
es introduced into the fluid flow by reason of the 
timewise activation of the transducers in accord- 25 
ance with the diagram shown in Fig. 6; 
Fig. £ is a plan view of a test section of a wind tunnel 
showing a sonic generator attached to one side of 
the test section; 

Fig. S is a side view of the test section showing the 30 
slit by which a sonic disturbance is introduced inlo 
turbulent flow in the test section: 
Fig. 10a is a plan view of a test sedion similar to 
that shown in Fig. 8 but including a linear strip of 
"delta" shaped protrusions positioned spanwise on 35 
the wall (i.e., transverse to the flow direction); 
Fig. 1 Ob is a side view of the tesl section of Fig. 1 Oa 
showing the slit by which a sonic disturbance is in- 
troduced into turbulent flow in the test section; 
Fig. lla is a plan view of a test section similar to *o 
that shown in Fig. 1 0a but showing sonic generators 
attached to opposite sides of the test section; 
Fig. 11b is a side view of the test seclion of Fig. 11a 
showing the slit by which a sonic disturbance is in- 
troduced inlo turbulent flow in the 1esl section: 45 
Fig. 12a is a plan view of a test sedion similar to 
that shown in Fig. 10a but including a plurality of 
linear strips of "delta" shaped protrusions posi- 
tioned spanwise on the wall (i.e., transverse to the 
flow direction); so 
Fig. 1 2b is a side view of the test section of Fig. 1 2a 
showing the slit by which a sonic disturbance is in- 
troduced into turbulent flow in the test section; 
Fig. 13a is a plan view of a test seclion similar to 
that shown in Fig. 1 2a but showing sonic generators ss 
attached 10 opposite sides of the test seclion: 
Fig. 1 3b is a side view of the test section of Fig. 1 3a 
showing the slit by which a sonic disturbance is in- 




troduced into turbuleni flow in the test section: 
Fig. 14 shows dimensional details of a linear strip 
of "delta" shaped protrusions used in connection 
with Figs. 10a, 10b, Ha, 11b, 12a, 12b, 13a. and 
13b; 

Figs. I5al-l5a4 are computer-generated plots 
from experiments showing spanwise variations of 
the streamwise velocity in the vicinity of a wall ob- 
tained using lest sections like that shown in Figs. 
10a and lla; 

Fig. 15b is graph comparing root mean square ver- 
tical velocity verses span-location for natural flow 
disturbed by the presence of a strip of delta-shaped 
protrusions and into which an 86 Hz. sound wave 
is injected in the environment shown in Fig. 10a: 
Fig. 15c is graph that compares mean streamwise 
velocity verses span-location for natural flow dis- 
turbed by the presence of a strip of delta-shaped 
protrusions and into which an 52 Hz. sound wave 
is injected in the environment shown in Fig. 10a: 
Fig. 16a is a modification of the linear strip of delta- 
shaped protrusions of the type shown in Fig. 10a 
and showing profusions in the form of counler-lilt- 
ing airfoils, each producing counter-rotating roll sys- 
tems; 

Fig. 16b is a modification of the spanwise array of 
linear strips of delta-shaped protrusions of the type 
shown in Fig. 12a and showing an array of protru- 
sions in the form of counter-lifting airfoils, each pro- 
ducing counter-rotating roll systems. 
Fig. 17a is a plan view of a test section of a wind 
tunnel including a linear strip of "delta" shaped pro- 
trusions positioned spanwise on the wall (i.e. trans- 
verse to the flow direction); 

Fig. 17b is a plan view of a test section of a wind 
tunnel including a plurality, or an array, of linear 
strips of ""delta" shaped protrusions positioned 
spanwise on the wall (i.e., transverse lo the flow di- 
rection); 

Fig. IS is a schematic diagram of examples of "nat- 
ural" sound generators for use in accordance with 
the present invention; 

Fig. i9a is a plan view of a test section of a wind 
tunnel including a linear strip of embedded "delta" 
shaped heating elements positioned spanwise on 
the wall (i.e., transverse to the flow direction); and 
Fig. 19b is a plan view of a test section o1 a wind 
tunnel including a plurality or array of linear strips 
of embedded "delta" shaped heating elements po- 
sitioned spanwise on the wall (i.e. , transverse 10 the 
flow direction). 

Detailed Descriplion 

Recent and as yet unpublished research has fo- 
cused on modifying and managing turbulent flow by 
modification of the triggering modes. In a series of com- 
puter stimulations, lurbulent flow driven down a channel 
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with fixed walls has been considered. During Ihe course 
ol the simulations, distortion was applied ic selectively 
chosen triggering modes. The randomization ot the 
phases ol the motion was chosen as the means ol dis- 
tonion. In effect, this suppressed long wave motions. 
There is nothing special about the method oi phase ran- 
domization: and other distortion methods would woi k as 
well. It was found that by randomizing the phases ol just 
the long wavelength propagating modes, the flow rate 
was increased by more than 30%. Associated with this 
effect is an indication thai drag reductions ol more than 
40% can be achieved. The randomizalion of modes oth- 
er than ihe long wavelength modes produced liille oi no 
effect. On the olher hand, enhancement ot the ampli- 
tudes ol the long wavelength propagating modes sub- 
stantially increases turbulent mixing. This provides 
strong substantiation that the interaction of the wave 
and roll modes are fundamental to the bursting mecha- 
nism. 

Referring now to the drawings, reference numeral 
1 0 designates a wall-bounded turbulent flow field includ- 
ing wall 12 restraining fluid iScontaining local structures 
in ihe form of counter-rotating rolls-14, io of fluid. The 
axes of these rolls, or streaks as they are sometimes 
called, lie in the direction of fluid flow which is into the 
paper showing Fig. 1, and as indicated by arrow 17 in 
Fig. 2. Details of the nature of these rolls aie contained 
in reference (1), Fig. 10, page 2223. Briefly, ihese coun- 
ter relating rolls have diameters that are a function of 
the suength ol the flow, and a length much giealer than 
their diameiers (in excess of 1000 1-). As indicated 
above, the dominant roll size is roughly 100 1-. lo 200 
1- per pais. 

In lully developed turbulent flow, ihese local roll 
sHuciures travel downstream through-out the near wall 
region, are disrupted, conlort, and finally burst. Ii is Ihe 
interaction between the coherent structure oi propagat- 
ing modes present in the flow with the coheient structure 
of the rolls thai resull in the bursting ol the rolls and the 
consequenl mixing of slow moving fluid near ihe bound- 
ary with rapidly moving fluid in the main flow and vice 
versa. 

The present invention provides bolh passive and 
aclive mechanisms for controlling the triggering aspects 
of the wave propagating modes which cause bursting ol 
the roll-modes in turbulent wall-bounded llows. A pas- 
sive mechanism, according to Ihe present invention, tor 
controlling the wave propagation modes is Ihe presence 
ol shape modifications, such as grooves, undulations, 
eic on the walls containing the turbulent flow. For ex- 
ample, Ihe shape modifications can be achieved by ac- 
tually grooving the walls, or by applying to the walls an 
adhesive layer which contains the required shapes. 
When ihe shape modification is in the form of undula- 
tions, then amplitude should be in the range 1 5-20 wall 
units m order lo include the location ol peak turbulence 
production. The wavelength or pitch of typical undula- 
tions will depend on the objective of Ihe turbulence man- 



agement. The onentalion of the undulations, i.e.. the di- 
rection of the troughs between the peaks of the undula- 
tions, should be inclined al about 15-30 C off the siream- 
wise direction. Thai is ic say. the "propagation" direction 
£ of the undulations should be about 60-75° horn the 
streamwise direction 

Fig. 2 shoves a plan view ot rolls 14, 16; and supei- 
imposed on these rolls are waves that propagaie (the 
propagating modes) whose direction is indicated by ar- 
ro row l£ making an angle ±B with the flow direction 17 
As indicated above, 8 lies in the range 50-50° for the 
waves having the dommam energy content. To account 
for the possible bidirectional angle ol the propagating 
modes, the undulalions are preferably in the form of her- 
i5 ring-bone pattern 20 as shown in Fig. 2, or a complete 
cross-hatched or "knurled" pattern. 

In order 10 enhance mixing and, for example, in- 
crease heat transport, (i.e., increase turbulence), and 
therefore lo encourage the eruption of bursts, the undu- 
20 lations should be ordered in a strictly sinusoidal paiiern 
as indicated in Fig 3. The wavelength p is preferably in 
the range 100-300 wall units in order to achieve reso- 
nance with the triggering modes, and the amplitude a is 
preferably in the range 15-20 wall units. 
25 in order to reduce drag, the undulations should be 
given a pattern thai introduces phase interference in the 
waves in a manner thai is analogous to the above-men- 
tioned phase randomization. One method for achieving 
this is by creating a "chaotic" pattern modulation by the 
30 resonant wavelength, and containing a suitable sum o1 
incommensuraie sinusoids ranging down in wave- 
length. A model cross-sectional plot is given in Fig 4 

In add'mon to the use of passive mechanisms tor 
interacting wilh the wave propagation modes to control 
3S turbulence, the present invention also contemplates the 
use ol active devices for this purpose. Embodiment 30, 
shown in Fig. 5. is an example of an aclive device. As 
shown, flush mounted wall transducers in the loim ol 
heating elements 31 . 32, etc. are activated by transduc- 
40 er control 33 in the form of a healer control. The opera- 
tion ol heater contiol 33 is lo pulse the heaters in time- 
sequence to eflect local heating of the fluid in the same 
patterns as these generated by the undulations in the 
wall surface ol ihe bounded flow. Thus, the localized 
is heating will create wave patterns of varying densities 
which either inhibit or enhance the bursting activity. 

Control modes 33 may activate the heaters in se- 
quence as shown in Fig. 6 providing a spatial distribution 
of disturbances as indicated in Fig. 7. Wave modes, or 
so patterns, which introduce phase interference in the 
wave modes can be established by the thermal paller ns 
in a fashion analogies to that o1 the undulations de- 
scribed above. 

Both o1 ihe above described mechanisms effect 
55 control over (he lugger ing mechanisms, and are suitable 
for sleady-siate flow conditions. In both instances, the 
placement ol the patterns is fixed, whether by surlace 
modificalion or by appropriate positioning and pulsing 
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of heal elements. The fixed pattern is prescribed by con- 
dition of the flow as specified by its parameters (e.g., 
the Reynolds number). 

Other applications effect control over turbulence 
under variable flow conditions. Wall-mounted heating 
elements can be mounted in bands perpendicular to the 
flow direction. These elements can be triggered subse- 
quently in time in order to create an oblique wave of any 
angle. By suitably triggering, or pulsing a grid of heating 
elements, any pattern of activity can be established to 
either enhance or diminish the bursting phenomenon. 
This will allow the application of these considerations to 
cases where there is a variable flow rate (i.e.. a variable 
Reynolds number). 

Phase randomization, on the one hand, and phase 
enhancement on the other, of the disturbances intro- 
duced into the fluid flow, can also be achieved by means 
of sound wave generation either with wall-mounted 
acoustic generators, or with externally mounted sound 
generators positioned as indicated by the transducers 
in Fig. 5. Phase enhancement of the triggering modes 
leads to increase mixing of the fluid flow may be estab- 
lished through the standing wave patterns. Asynchro- 
nous sound generation resulting in patterns described 
above in connection with the undulated surface, can be 
created by suitably driving arrays of acoustic genera- 
tors. Variable flow rates can be tieaied by suitable pro- 
gramming of the acoustic drivers. 

The same effect of phase randomization, or en- 
hancement of triggering modes, can be achieved by wall 
mounted 5 vibration transducers producing vibrations of 
the wall in an appropriate pattern, with consequent 
transmission of the vibrations into the flow. The sound 
or acoustic generators, or vibration transducers may be 
mounted as arrays at the side walls of a duct, or on the 
circumference of a pipe, or on the wall(s) of other wall 
bounded flow. 

The present invention can also be carried out in a 
wall-bounded fluid flow system wherein the fluid is elec- 
trically conductive as, for example, sea water. In such 
case, the disturbance can be introduced by a varying 
magnetic, or electro-magnetic field associated with, or 
adjacent to the wall(s) in order to introduce the desired 
disturbance, or to effect changes, in the the propagating 
structures or modes in the manner previously described. 

The present invention is particularly applicable to 
ducts, curved ducts, pipes, curved pipes, compressors, 
pumps, and turbines so as to reduce turbulence. The 
invention is also applicable to combustion chambers in 
internal combustion engines, and the like such that mix- 
ing in the chambers is enhanced to promote combus- 
tion. 

If the turbulent fluid is electrically conducting, or 
weakly conducting, as in the case of sea water, electrical 
means are available for establishing the wave patterns 
discussed thus far. Wall-mounted electrodes positioned 
as shown by the transducers in Fig. 5 can be used to 
set up currents which can be used lor local heating, or 



coupled to magnetic fields, to establish local torces. 
These can be used to manage the appropriate wave pat- 
terns discussed above. Finally, wall-mounted strain 
gauges, pressure gauges, thermocouples, or any other 

£ fine scale measuring devices, can be used to detect the 
onset of the triggering propagating waves. These sig- 
nals can be used in a feedback loop with either thermal, 
acoustic, or electrical scheme either to seleclably en- 
hance or to destroy the evolving triggering propagating 

to modes. 

While the present invention is disclosed herein in 
relation toturbulent flow in wall-bounded fluid flow fields, 
the above described methods and apparaius of the 
present invention can be used in turbulent boundary 

'5 flows such as occur adjacent bodies'moving in a fluid. 
Thus, the invention is applicable to bodies moving in air 
(e.g., wheeled vehicles on the ground, and aircraft), and 
bodies moving in water (e.g., ships), etc. 

In addition, the above described methods and ap- 

20 paratus, the present invention also can be carried out in 
a boundary layer flow system wherein the fluid is elec- 
trically conductive as, for example, sea water. In such 
case, the disturbance can be introduced by a varying 
magnetic, or electro-magnetic field associated with, or 

ss adjacent to a body such as a vessel being operated in 
sea water in order to introduce the desired disturbance, 
or to ellect changes, in the the propagating structures 
or modes in the manner previously described. 

In an actual physical experiment, a substantial re- 

30 duction (9%) in turbulent drag was observed when a rel- 
atively weak sound generator was used to introduce a 
a sonic disturbance within the test section of a wind tun- 
nel. 

Fig 6 shows the relationship between a sonic res- 
35 onator used in the experiment and the tesl section. As 
indicated, the lest section of the wind tunnel was about 
57 cm high x 81 cm wide, and had a length of aboul 3S0 
cm. A sound generator was attached lo the side ol the 
tesl section at an angle of about 65°. The sound gener- 
ic ator was in the form of a resonator box having a lapered 
section about 22 cm long and measuring aboul 51x22 
cm at an end lo which a loud-speaker was attached and 
about 6x61 cm opposite the speaker. Attached lo the 
tapered section was itnear section having a length of 
45 about 42 cm on one side and a length ol about 72 cm 
on the opposite side. The free end of the linear section 
was blocked off to produce a slit 1 cm high x 61 cm long. 
The slit was positioned in alignment with a wall of the 
lest section. 

50 Measurements were made using a straight hot wire 
al two points 30 cm apart near a wall of Ihe lest section. 
One ol the points coincided with the axis of the resonator 
box and was located about 1 90 cm into the lest section. 
Al the axis point, the turbulent boundary layer thick- 

55 ness was 46 mm for flow with a Reynolds number of 
7.7xi0 £ based on the free stream velocity. A drag re- 
duction of about 9% was obtained with the loud speaker 
driven by an amplifier that produced an audio signal 
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whose driving frequency was about "i 70 Hz with ils 
phase randomized in the range C-3SC C at 426 Hz in ac- 
cordance with a study reported in "Diag Reduction in 
Turbulent Channel Flow by Phase Randomization" by 
A.R. Handler. E. levich, and L Sirovich, Phvs. Fluids. 
the disclosure of which is hereby mcoiporaied by refer- 
ence. The frequencies, or the wavelengtns. used in the 
acoustic disturbance introduced into the test section 
was in accordance with those specified in the present 
invention, namely in the range 100-300 1 * (where 1* is 
a wall unit). 

Further, various mechanical means also may be 
piovided loi introducing the desii ed disturbance into the 
fluid. For example, an array ol extensions such as small 
wnes extending into the fluid fiow may be excited under 
the combined action of the flow, and the elasticity of the 
wires in lesisting the flow, to piovide the desired distur- 
bance. 

Turning to Figs. 10a and 10b, an embodiment of the 
present invention is described with ieference to these 
figures wherein two means which operate simultane- 
ously are provided for producing two separate distur- 
bances that are effective, in a local region, to form a 
composite disturbance field that is strongly coupled to 
and modifies the obliquely propagating structures in a 
manner that increases or decieases the interaction of 
fhe propagating structures with tne system of roll pairs 
theieby locally increasing or decreasing turbulent drag 
in the flow field. In this embodiment, apparatus 50 in- 
cludes first means 51 in the lorm o1 strip 52 of delta- 
shaped protrusions 53, and second means 54 compris- 
ing sound generator 55 in the form of a lesonator box 
to which loud-speaker 56 is attached at its free end 5£. 
The result of this arrangement is that a disturbance is 
produced which generales a pair of oblique waves for 
enhancing the rolls such that the rolls are organized 1or 
decieasing the turbulent drag. 

For the above described embodiments using delia- 
shaped profusions, each delta-shaped protrusion has 
a nominal base perpendicular lo the direction of mean 
flow in the present instance of aboul 4 mm , a nominal 
length in the direction of flow ol aboul 5 mm . and a span- 
wise pitch o1 about 5 mm, roughly aboul 1 20 wall units. 
Length dimensions of about 100. 200, and 400 wall 
units, respectively, also are presently being investigat- 
ed. When an array of strips of delta-shaped protrusions 
is employed, the streamwise spacing between adjacent 
strips is about 2 cm, which is about 500 wall units for 
ihese embodiments. For other flow conditions, the sizes 
would vary accordingly. 

Turning to Figs. 11a and lib. a further embodiment 
of the piesent invention is described with reference to 
Ihese figures wherein two means which operate simul- 
taneously are provided for producing a disturbance that 
decieases the turbulent drag in the flow field. In this em- 
bodiment apparatus 50 includes first means 51 in the 
form of strip 52 of delta-shaped protrusions 53, and sec- 
ond means 54 comprising sound generators 55a and 



55b. These sound generators produce a disturbance 
that interacts with the disturbance caused by the protru- 
sions t'oi generating a pair of oblique waves for enhanc- 
ing the rolls such that the rolls are organized for decreas- 

£ ing the turbuient drag. Here, for convenience, sound 
generator 55a is described in detail but actually sound 
geneiator 55b is identical. Sound generator 55a com- 
prises a resonator box to which loud-speaker 56 is at- 
tached at its end 56. Both. of these means operate lor 

10 pioducrng a disturbance that generates a pair of oblique 
waves for enhancing the rolls such that the rolls are or- 
ganized lor decreasing the turbulent drag. 

A turthei embodiment of the present invention is de- 
scribed with relerence to Figs. 1 2a and 1 2b. wherein two 

15 means which operate simultaneously are once again 
provided lor producing a disturbance which decreases 
the turbulent d;ag in the flow field. In this embodiment, 
apparatus 50 includes first means 51 in the lorm of an 
array of strips 52 of delta-shaped protrusions 53, each 

20 strip being transverse to the direction of flow, and the 
array being iocated in the sonic path ol sound generator 
55 which forms second means 54 of the apparatus. 

Sound generator 55, in the present instance, is in 
the form ol a lesonator box to which loud-speaker 56 is 

2s attached at its free end 58 for producing a disturbance 
which generates a pair of oblique waves for enhancing 
the rolls such that the rolls are organized tor decreasing 
the turbulent drag. 

A still further embodiment of the present invention 

30 is described with reference to Figs. 1 3a and 1 3b. where- 
in two means are once again provided for producing at 
disturbance which decreases the lurbuient drag in the 
flowiield. In this embodiment apparatus 50 includes first 
means 51 in the form of an array o1 strips 52 of delta- 

3S shaped protrusions 53. Second means 54 of this em- 
bodiment comprises sound generators 55a and 55b for 
pioducing a disturbance which generates a paii of ob- 
lique waves lor enhancing the rolls such that ihe rolls 
are organized lor decreasing the turbulent drag. Here, 

40 lor convenience, sound generator 55a is described in 
detail but actually sound generator 55b is identical. 
Sound generator 55a comprises a lesonator box to 
which lead-speaker 56 is attached at its end 56. Both of 
these means operate for producing at disturbance which 

4 = generaies a pair of oblique waves thiough interaction 
with the delia strip arrays for enhancing the rolls such 
thai the rolls are organized for decreasing the turbulent 
drag. In the embodiments described with relation to 
Figs. 10a and 10b, Figs, na and lib, Figs. 12a and 

50 12b; and Figs. 13a and 13b, the strips ol delta-shaped 
protrusions are laid down on the wall of a wind lunnel 
wheie a turbulent boundary layer is produced when the 
wind lunnel is operated. At present, the preferred dimen- 
sions are as shown in Fig. 14, with the height of each 

55 delia being preferably in the range of 12 to 15 wall units, 
which, under the conditions of the present embodi- 
ments, is roughly 0.5 mm. 

In ihese embodiments, sound waves emitted from 
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one or both side walls of the tunnel interact with the el- 
evated delta-shaped protrusions and produce waves 
that are oblique to the direction of flow wave fronts which 
is parallel to the crests ol the delta-shaped protrusions. 
A non-linear interaction ensues between the waves at 
the two oblique angles and the roll mode. Such interac- 
tion results in enhanced roll structures of the type shown 
in Figs. 15a, 15b and 15c. 

It has been found thus far that the most effective 
enhanced roll structures produced are those where the 
driving frequency of the sound generators is in the range 
of 60 to 90 Hz under the experimental conditions. Use 
of arrays of strips of delta-shape protrusions as de- 
scribed in relation to Figs. 12a, 12b, 13a and 13b ena- 
bles the roll structure produced to be enhanced and pre- 
served rather than being rather short lived, were only a 
single strip of delta-shaped protrusions used as de- 
scribed in relation to Figs. 10a, 10b, 11a and 11b. In the 
case of using the arrays, the strips of delta-shaped pro- 
trusions are placed in phase locked arrangements, e.g., 
nominally at a distance of approximately 500 wall units 
between each strip of the array as shown in Figs. 12a 
and 13a. 

In these arrangements, the combined action of the 
sound waves generated modes and strip or strips of del- 
ta-shaped protrusions, generated modes produces a 
disturbance having a wavelength determined by the 
characteristic scales of the first means and a frequency 
of the acoustic waves produced by the second means. 
The result of the application of the disturbance to the 
turbulent boundary layer is relatively well established 
and robust roll patterns appear 

Experimental evidence in support of this is shown 
in Figs. 1 5a1 -1 5a4 where the horizontal axis of each dis- 
play is in the spanwise direction of the test sections 
shown in Fig. I0a-11b, i.e., perpendicular to the direc- 
tion of flow, the vertical axis is distance from the bottom 
wall of the test section. Thus, the displays represent the 
velocity variations in the flow adjacent the wall of the 
lest section through a section perpendicular to the flow. 
The gray level of the display is proportional to velocity 
where black represents zero velocity. 

As shown in the displays of Figs. 15a1-15a4, the 
application of a disturbance produced by sonic forcing 
in conjunction with a strip of delta-shaped protrusions 
results in an increase in the structure of the rolls as com- 
pared to the absence of sonic lorcing. 

The relevant parameters of both disturbances 
should be chosen so that the overall disturbance of the 
velocity field produces pairs of oblique waves in reso- 
nant interaction with the natural roll structure in order to 
disrupt the inherent interaction between the rolls and the 
propagating structures in the natural flow. This resonant 
interaction generally enhances the stability of the roll 
structures and can be designed so as to induce an in- 
crease in their lateral size thus decreasing the turbulent 
drag. This is because the enhanced roll structures form 
a layer of roll structures along the physical boundary of 



the body where the turbulent boundary layer is normally 
present. This layer inhibits the progress of turbulence 
lowards the degradation of the motion into small scales 
and consequently permits higher velocities in the rest of 
s this boundary layer. Other means are available for pro- 
ducing coupling of disturbances to the velocity field of 
the flow which generate an overall disturbance in the 
form o1 a pair of oblique waves in resonant. 

In the previously described embodiments, when a 

'0 single delta strip is used in conjunction with sound gen- 
erators, the strip can be positioned upstream, down- 
stream, or opposite the sound generators. 

In a further embodiment, a single delta-strip, or an 
array of delta-strips, could be used without sonic gener- 
alors as shown in Fig. 17. This is less effective than 
when sonic energy is used, but under some circum- 
stances, it may be adequate. 

In a still lurther embodiment, strips of counter-lifting 
airfoil protrusions as shown in Fig. 16a can be used in 

so place of a strip of delta-shaped protrusions. Each pair 
of such airfoil protrusions produces a pair of counter ro- 
tating rolls as a result of the tip vortices that emanate 
from a lifting foil. The airfoil pairs are ideally placed at 
roughly 100-200 wall units in order to produce the. roll 

25 pairs in the flow. In the same way that Fig. 11 was ex- 
tended to Fig. 12, an array of airfoil pairs can be assem- 
bled as shown in Fig. 16b. The rows of airfoil pairs 
should be placed at roughly 500 wall unit separations. 
The application shown in Figs 16a and 16b involve only 

30 passive flow inducers without the use of sound genera- 
tors. 

As indicated, the preferred spacing between adja- 
cent foils in a strip is about 100-200 wall units, and the 
spacing between successive strips in an array of strips 

35 is about 500 wall units. 

While airfoils are described and shown in Figs. 16a 
and i6b, pairs ol protrusions with other shapes can be 
used provided they produce pairs of counter rotating 
rolls. Moreover, the delta-shaped protrusions have a 

40 nominal angle of 45°, or in the range 45° to 70°. 

In actual experiments, passive delta-strips applied 
to the wall of a channel in accordance with the principles 
disclosed herein, resulted in drag increases over 45% 
in tully developed turbulent flow. This experimental drag 

fS increase is unrelated 1o the increase in wall surface area 
due to the use of delta-strips, since this increase was a 
mere 2% in the experiment. From basic principles, a like 
increase is to be expected in turbulent heat transfer and 
turbulent mixing when such are required, by use of del- 

s° lastrip patterns. 

In the previously described embodiments where 
delta-strips are used as a sole means for introducing the 
disturbances, such strips are designed to interact with 
the natural and enhanced roll pairs and propagating 

55 structures in order 1o facilitate the decomposition (erup- 
tion) ol the roll pairs thus causing an increase in turbu- 
lent drag, and a related increase in heat transfer and 
mixing. 
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In a still further embodiment, strips of embedded 
delta-shaped heating elements, or arrays of snips of 
embedded det;s-shaped heating elements, as shown in 
Figs. 1 9a and 1 9b can be used. Operating these heeling 
elements in a lime varying manner will produce a similar i 
disturbance 1oi enhancing the roll structures. 

A disturbance field that is strongly coupled 10 and 
modifies the obliquely propagating structures associat- 
ed with a turbulent wall region in a boundary layer, or 
other wall-bounded legion, can~be introduced into the to 
flow field by a fine scale mechanical system capable ol 
controlled mechanical motion by which disturbances are 
transmitted 10 the flow in the near-wall region. In such 
case, a linear orlwo-dimensional array of fine scale me- 
chanical systems can be mounted in or on the wall oe- >- : 
fining the boundary ol the turbulent wall region. Such 
systems, when activated, will introduce into the turbu- 
lent wall region, a composile disturbance field that is 
strongly coupled ic and modifies the oblique propagat- 
ing structures associated with the turbulence. As a re- 20 
suit, the interaction of the propagating and roll structures 
associated with the turbulence is increased or De- 
creased for locally increasing or decreasing turbulence 
in the flow field in accordance with the nature of trie dis- 
turbance field. 2S 

Preferably, the fine scale mechanical systems are 
microelectrornechanica! systems (MEMS), or hydrody- 
namical chips as they are sometimes called. MEMS are 
integrated micro devices or systems combining electri- 
cal and mechanical components fabricated using inte- 30 
grated circuit compatible batch-processing techniques 
and range in size Irom micrometers to millimeters. 
These sysiems can sense, control, and aduate on me 
micro scale, and lunction individually, or in arrays, to 
generate effects on the macro scale. Surface microma- ss 
chining, used to labricaie MEMS, forms movable struc- 
tures on silicon substrates, for example, by placing the 
structures on initially rigid platforms, and then removing 
the platlorms. usually by an etching process. 

MEMS sensors are devices that passively trans- -0 
form the physical aspect of the world at large into elec- 
trical responses. MEMS actuators are capable of me- 
chanical motion using electrical or magnetic input to 
generate activily 

MEMS can be fabricated to provide movable acli- *s 
valors 01 arms, which are comparable in size to the size 
of roll pairs, and which project into the flow. By modu- 
lating the position ol these arms, the required disiui- 
bance can be introduced into the flow field. Alternatively, 
the MEMS may have diaphragms or membranes which so 
can be vibrated to pioduce the required disturbance in 
the flow field. Other kinds of silicon-base chips which 
are capable of controlled mechanical motion when ac- 
tivated can also be used 1o introduce the required dis- 
turbance into the flow field. Examples of MEMS are — 
shown in US 5069419, and in the current technical lilei- 
ature on the subject. 

The advantage of using MEMS as transducers lies 
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in the ability of such transducers 10 generate and trans- 
mil to the flow a wide variety of desired disturbances. In 
particular, the disturbance pattern may mimic the phase 
randomization of the propagating structures (modes) 
mentioned above in connection with numerical experi- 
ments. Again, this is not the only one of many possible 
panerns of disturbances of the propagating structures. 

Other examples of fine scaie mechanical systems 
suitable for the invention are fine scale thermo-mechan- 
ical systems, and fine scale acoustic-mechanical sys- 
tems. When MEMS are configured as actuators, the 
movable portions of the actuaiors may serve as the pro- 
trusions described above, 01 as actuaiors that imparl 
movement to the protrusions shown in Figs. 16A, and 
i SB, for example. 

Fig. 5C shows a section though a wall-bounded flow 
field in which upstream and downstream MEMS sensors 
100A and 100B respectively, detect changes in turbu- 
lence in the flow field and pioduce signals that activate 
the centrally located array of actuators 101 which are 
effective to produce a composite disturbance field that 
is strongly coupled to and modifies the oblique propa- 
gating and roll structures associated with the turbu- 
lence. As a result, the interaction _of the propagating 
structures associated with the turbulence is increased 
or decreased for locally mcieasing or decreasing turbu- 
lence in the flow Held in accordance with the nature of 
the disturbance field. 

In Fig. 5D, a ME MS velocity sensor is shown. for 
measuring the flow velocity. Measurements may be 
made in this manner 10 compute the mean flow velocity 
near the wall, as well as fluctuating velocities in the 
boundary layer. 

It is presently considered that the means for produc- 
ing the disturbances would be used in conjunction with 
the flow to deciease the turbulent drag or increase the 
turbulent heat transfer or turbulent mixing, as the case 
may require, e.g.. positioning the means along the 
length of the wall of a pipeline, airfoil, or vessel, etc. Fur- 
thermore, MEMS sensors and actuators, or hydrody- 
namic chips, as they are sometimes called, can also be 
used, for example, as shown in Fig. 5E, for modifying 
and controlling the degree of blockage in rotating ma- 
chines such as compressors or turbines, including gas 
turbines. In addition, these devices can be used for con- 
trolling turbulence in such machines. 

While the above described embodiments reler 10 
loudspeakers as the souice of sonic energy, it should 
be understood thai natural sources of sonic energy can 
be used. For example, sonic energy can be generaled 
using aeolian tones or cavity resonators. Aeolian tones 
can be produced by the flow of fluid through, lor exam- 
ple, ribbons or wires as indicated in Fig. 16, or by Ihe 
flow of fluid past, lor example, a blind cavity. 

The advantages and improved results furnished by 
the method and apparatus of the present invention ate 
apparent from the loiegomg description of the preferred 
embodiment of the invention. Various changes and 
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modifications may be made without departing from the 
invention as described in the appended claims. 

Claims £ 

1 . A method lor controlling turbulence in boundary lay- 
er or other wall-bounded fluid flow fields having a 
turbulent wall region characterized by a system of 

roll pairs or steaks whose diameter is functionally to 
related to the strength of the flow, and which extend 
in the direction of flow, and by propagating struc- 
tures of coherent patterns that propagate obliquely 
to the direction of flow at a substantially constant 
group speed, said method including using a linear '5 
or two-dimensional array of fine-scale mechanical 
systems to introduce into the turbulent wall region 
disturbances that are effective in said region to pro- 
duce a composite disturbance field that is strongly 
coupled to and modifies the obliquely propagating 20 
structures in a manner that increases or decreases 
the interaction of the propagating structures with the 
system of roll pairs for locally increasing or decreas- 
ing the turbulence in the flow field. 

25 

2. A method according to claim 1 ; wherein said fine 
scale mechanical systems are micro-electro-me- 
chanical syslems (MEMS). 

3. A method according 1o claim 2, wherein said micro- 30 
electro-mechanical systems are mounted in a sur- 
face that defines said wall-bounded fluid flow field. 

4. A method according to claim i, wherein said fine 
scale mechanical systems are micro-thermo-me- 35 
chanical systems. 

5. A method according to claim 4, wherein said micio- 
thermo-mechanical systems are mounted in a sur- 
face that defines said wall-bounded fluid flow field, 40 

6. A method according to claim 1, wherein said fine 
scale mechanical systems are micro-acoustic-me- 
chanical systems. 

45 

7. A method according to claim 6 ; wherein said micro- 
acoustic-mechanical systems are mounted in a sur- 
face that defines said wall-bounded fluid flow field. 

8. A method according to claim 1, wherein said fine so 
scale mechanical systems are vibratable dia- 
phragms or membranes. 

9. A method according to claim 8, wherein said vibrat- 
able diaphragms or membranes are mounted in a s ° 
surface that defines said wall-bounded fluid flow 
field. 
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10. Apparatus for controlling turbulence in boundary 
layer or other wall-bounded fluid flow fields having 
a turbulent wall region characterized by a system of 
roll pairs or streaks whose diameter is functionally 
related to the strength of the flow, and which extend 
in the direction of flow, and by propagating struc- 
tures of coherent patterns that propagate obliquely 
to the direction of flow at a substantially constant 
group speed, said apparatus including a linear or 
two-dimensional array of fine-scale mechanical 
systems, and drivers to actuate said fine-scale me- 
chanical systems for introducing into the turbulent 
wall region disturbances that are effective in said 
region to produce a composite disturbance field that 
is strongly coupled to and modifies the obliquely 
propagating structures in a manner that increases 
or decreases the interaction of the propagating 
structures with Ihe system of roll pairs for locally in- 
creasing or decreasing the turbulence in the flow 
field. 

11. Apparatus 1or controlling turbulence in boundary 
layer 01 other wall-bounded fluid flow field having a 
turbulent wall region characterized by a system of 
roll pairs or sieaks whose diameter is functionally 
related io the strength of the flow, and which exlend 
in the direction of How, and by propagating struc- 
tures of coherent patterns that propagate obliquely 
to the direction of flow at a substantially constant 
group speed, said apparatus including: 

a) an array of sensors in operative relationship 
with said field lor sensing the level of turbulence 
in said region: 

b) means connected to said sensors lor detect- 
ing changes in the level of turbulence in said 
region, and producing an output when Ihe 
change exceeds a threshold; 

d) a linear or two-dimensional array of actual- 
able fine-scale mechanical systems in opera- 
tive relationship with said region; and 

e) means to actuate said fine-scale mechanical 
syslems in response to said output for introduc- 
ing into the turbulent wall region disturbances 
that are effective in said region to produce a dis- 
turbance field that is strongly coupled to and 
modifies the obliquely propagating structures in 
a manner that reduces changes in the level of 
turbulence in said flow field by increasing or de- 
creasing the interaction of the propagating 
structuj es with the system of roll pairs for locally 
increasing or decreasing the turbulence in the 
flow field. 



BNSOOCID: <EF 07?R398Ai J, : 



10 



EP 0 726 298 A1 



FIG. 1 




11 




XDUCER A 
XDUCER B 
XDUCER C 
XDUCER D 



ON r 
OFFj 



\ 



TIME 



> FIG. 6 



FIG. 7 

Y DISTURBANCE DUE TO TRANSDUCER A 



DISTANCE 




RISTANHF 



12 



EP 0 726 398 A1 




FIG. 5 8 



T 




F '/s. SA 




r 





13 



EP 0 726 398 A1 




FIG. 6 




FIG. 9 



57 cm 



8 cm 



1 



y/////////////^ 



) cm 



14 




FIG. 10a 



57 cm 




I I 
1 cm 



FIG. 7 Ob 



is 




1 cm 



FIG. 1 1b 



EP 0 726 398 Al 





GZZZZZZZZZZZZZZZZZZi 



/ 








1 











— 0— H 




U-o— J 


r r -u_ 



tC, o=3cm ~ 500 WALL UHFTS 



FIG. 12a 



57 cm 




1 cm 



17 



t 




EP 0 726 398 A1 






> 

> > 

> > 



> > 



53 




•50 



air now 



FIG. 13a 



57 cm 



8 cm 
J 




4 mm"' — - 



5 mm 



cm 



r> 



5 mm 



"1 



> 
> 

> FIG. 14 



FIG. 13b 

KCHON OF UFJN RW 



16 




A. 4 5.2 6 

U rl i- i i-en I 1 on n* 60 



FIG. 15a1< 




-l . -I 5. 2 

U rir i ren flow M 80 ^ 

FIG. 15o2< 




•A . -I 5.2 6 

U no 1 ii ro I f 1 ou 



IS 



0 



EP 0 726 398 A1 



r 



FIG. 15a3< 




V 

A. A 5.2 

U rir i ren llou nt 1 00 Hz 



•■■-.•y r^-r-. -T ■'• - TTBT 3- . ' > * ' ' ^3 K M1f>- 




I 

A. A 5.2 

U not urn I f I ou 



FIG. 15a4< 




A. A 5. ? 

U rlrii-eii ( lou nt 120 H? 



V 




20 



EP 0 726 298 A1 



# 



location X = 68.5 cm, Y = 7 mm 
V- shape strip ot Ihe beginning of tesl section 



0.06 
0.04 
0.0? 

jC o 

-0.0? 
-0.04 

-0.06 



































"A 






















\ 











































■40 -30 



■20 -10 



0 

Z mm 



10 



(0) : Noturol flow 

(«) : Flow , driven with sound wove ot f = 85 Hz 



20 



30 



40 



FIG. 15(b) VERTICAL VELOCITY TRACE 



21 



• 



EP 0 726 398 A1 



locolion X = 68.5 cm, Y = 7 mm 
1/8 inch dio. rod blocking Ihe V-shope ship 

5.1 , , , , , 




-40 -30 -20 -10 0 10 20 30 40 

Z mm 

(0) : Noturoi flow 

(*) : flow driven »ilh sound wove ot f = 52 Hz 

FIG. 15(c) HORIZONTAL VELOCITY TRACE 



22 



EP 0 726 398 A1 



FIG. 



T 100-200 WAIL UNfTS 




F/G. 16 (b) 



wall uwrrs 



*2 

> 0 >£5 >0 >0 >0 




LG., o= 500 WALL UNTTS 



23 



0 



EP 0 726 398 Al 



PROTRUSIONS 



FIG. 17 (a)\V™ rA rB 



-X- 



UoaJ 



380 cm- 



> 
> 



53 




m now 



PROTRUSIONS 



FIG. 17 (b) 



> > > 

> > > > 

> > > > > 



> 



53 





i ; 


L 




* 










0— H 


— o— -I 


— o— J 





AIR ROW 



LG, a=3 cm - 500 WALL UNITS 




SOUND 



aow 



24 



EP 0 726 398 A1 



» 




EMBEDDED HEATING E1BOTS 




>-->-->->- 

> > > > 

> > > > 



TZZZZZZZl tzzzzzzzzz. zzzzzzzz -y///////w/////zzzt 




E.G., o= 500 WALL UN1T5 



2S 



m 



EP 0 726 398 A1 



European Patent 
Oflicc 



EUROPEAN SEARCH REPORT 



Application Number 

EP 96 30 0936 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Ciiatinn of document with indication, where appropriate, 
pf rekrvant payyapes 



Relevant 
to claim 



Ci.ASSinCATlON OK THE 
AJ'tM.lt.ATlON (lnt.CU) 



P.A 



A, D 



EP-A-0 686 777 (ORIEV SCIENTIFIC 
COMPUTING) 

* column 6, line 36 - column 15, line 25; 
figures * 

EP-A-0 543 647 (ORMAT INDUSTRIES) 

* column 4, line 22 - column 8, line 57; 
figures * 

US-A-5 069 419 (JERMAN) 

* claims; figures * 



1,10,11 



1,10,11 



1,10,11 



The present search report has been drawn up (or nil claims 



I'lKr ot icircb 

THE HAGUE 



Da« of cumplrtnn of tW scare* 

31 May 1996 



F15D1/12 
B64C21/1Q 



I t'CHMCAJ. KIIILUS 
SLAHCHt'U (Int. CI. h) 



F15D 
B64C 
F15C 



Limit 

Ernst, R 



CATEGORY OF CITED DOGiMKN l S 

X : particularly relevant if taken alone 

Y : particular!) rtlwant if cum bin ed with another 

document ot the sam* category 
A : irclinulo)»ical background 
O : non- written disclosure 
P : iniermerfiate document 



T : rhcory or principle underlying the invention 
K : earlier patent document, hut published on, nr 

after the filing date 
I) : ducurnent cited in the application 
I- : ducumeni cited rnr other reasons 

A : member of the same patenr (a miry, conespimding 
document 



26 



